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ing vesicles (18) . Cells transfected with DN dynamin completely suppressed MCAM asymmetry, which resulted in a uniform distribution of MCAM across the cell (Fig. 4C) . Thus, membrane internalization, an initial step in endosomal trafficking, was necessary to form the W-RAMP structure.
Because Rab4 directs early endosomes to the recycling endosome compartment, cells were transfected with DN-Rab4 (N121I) (in which Asn 121 is replaced by Ile) fused to GFP in order to block endosome trafficking. DN-Rab4 blocked formation of W-RAMP structures down to control levels (Fig. 4D) , which indicated that Rab4 mediates Wnt5a signaling, as observed with Dvl2, dynamin, and RhoB. Although GFP-Rab4 was not observed within W-RAMP structures, MCAM partially overlapped GFP-Rab4 within the perinuclear region, consistent with its association with recycling endosomes (fig. S6 ). The results indicate that dynamic movement and intracellular translocation of MCAM is mediated via internalization of MCAM and trafficking of receptor endosomes. This might occur through a linear pathway with Wnt5a upstream of Rab4 and other effectors, or through parallel pathways involving convergence between Wnt5a and endosomal trafficking effectors.
Cells forming W-RAMP structures typically displayed only one structure in each cell at any moment. This suggested that dynamic redistribution of W-RAMP structures may involve release of MCAM from one region of the cell, movement to distal regions, and assembly into another structure. To test this, cells were transfected with MCAM fused to Dendra2, a photoactivatable protein, which, upon ultraviolet (UV) illumination, switches from green to red fluorescence (19) . One-third of the cell area was UVilluminated, followed by Wnt5a addition (Fig. 4E and movie S13). Within 15 to 30 min, photoactivated MCAM-Dendra2 decreased within the illuminated region and, over 30 to 60 min, accumulated within a perinuclear compartment consistent with the location of Rab4-positive recycling endosomes. By 60 min, MCAMDendra2 appeared in punctate cytosolic patterns within the non-UV-illuminated region, followed by its accumulation at the cell edge and subsequent membrane retraction. This confirms that the W-RAMP structure is subject to turnover, where proteins are recycled in a process of disassembly, intracellular redistribution, and reassembly. Given the requirement for RhoB, dynamin, and Rab4, as well as the association of MVBs with the W-RAMP structure, we speculate that turnover involves movement of MCAM through recycling endosomes and MVBs and intracellular translocation of MVBs.
In conclusion, we report a mechanism by which dispersed cells respond acutely to noncanonical Wnt signaling; it involves recruitment and redistribution of cellular proteins into an intracellular structure that integrates receptors for cell adhesion and cell signaling with components of the cytoskeletal architecture. In the presence of gradient cues from secreted factors, the W-RAMP structure asymmetrically distributes in a polarized manner, where it directs membrane retraction and thus influences the direction of cell movement. This allows Wnt5a to control polarity and directional orientation, even in cells lacking positional information from cell-cell contacts. The W-RAMP structure requires Dvl2 and PKC, involves membrane internalization and endosome trafficking and is regulated by RhoB and formation of MVBs. This contrasts with other mechanisms, in which Wnt regulates cytoskeletal architecture via RhoA and receptor distribution via endocytic pathways. Our findings add insight to the understanding of acute intracellular events mediated by Wnt signaling. We report that developmental competition between sympathetic neurons for survival is critically dependent on a sensitization process initiated by target innervation and mediated by a series of feedback loops. Target-derived nerve growth factor (NGF) promoted expression of its own receptor TrkA in mouse and rat neurons and prolonged TrkA-mediated signals. NGF also controlled expression of brain-derived neurotrophic factor and neurotrophin-4, which, through the receptor p75, can kill neighboring neurons with low retrograde NGF-TrkA signaling whereas neurons with high NGF-TrkA signaling are protected. Perturbation of any of these feedback loops disrupts the dynamics of competition. We suggest that three target-initiated events are essential for rapid and robust competition between neurons: sensitization, paracrine apoptotic signaling, and protection from such effects.
I
n the developing peripheral nervous system, target tissues specify the amount of innervation they receive by secreting limiting amounts of neurotrophic factors, which are required for neuronal survival (1, 2) . The prototypic target cell-derived neurotrophic factor, NGF, supports survival of developing sympathetic and cutaneous sensory neurons (3, 4) . NGF engages its receptor tyrosine kinase TrkA on the distal axon, and the NGF-TrkA complexes travel retrogradely from the periphery to the cell body, where they induce prosurvival signaling events and NGF-dependent transcriptional programs (5-10).
To identify NGF-dependent transcriptional events that may enable one neuron to gain competitive advantage over its neighbor with similar potential, we performed a comprehensive in vivo comparison of gene expression profiles of sympathetic neurons isolated from newly born mice with an intact or ablated NGF locus (11) . To circumvent the requirement of NGF for survival, we used Bax -/-animals, which are deficient in sympathetic neuron apoptosis during development (12) (13) (14) . Expression of brain-derived neurotrophic factor (BDNF), TrkA, and another neurotrophin receptor, p75, was decreased in the absence of NGF (table S1 and fig. S1A ). NGF dependence of TrkA expression was confirmed by in situ hybridization, immunohistochemistry, reverse transcriptase polymerase chain reaction (RT-PCR), and immunoblot analysis (Fig. 1, A and B, and fig. S1B). NGF also regulated expression of krupple-like factor 7, a transcription factor that regulates TrkA expression (15) (Fig. 1B) . Moreover, TrkA expression and downstream signaling were greatly reduced when cultured sympathetic neurons were deprived of NGF for 24 or 48 hours (Fig. 1C) . We also compared the abundance of TrkA, activated phosphoTrkA (p-TrkA), and p-Akt in neurons with different maturities and found that the more mature neurons exhibited dramatic increases in all three markers of NGF prosurvival signaling ( fig. S1C ). In addition to the difference in NGF signaling magnitude, the duration of prosurvival signaling increased as a function of NGF exposure and neuron maturity ( Fig. 1 , C and D). Prosurvival signaling remained robust for at least 60 min after treatment with NGF in neurons deprived of NGF for 12 hours before treatment; neurons deprived of NGF for longer periods of time lost their ability to sustain prosurvival signaling. Taken together, these observations suggest the possibility that NGF induces feedback loops, in part through regulation of TrkA expression, that control magnitude and duration of NGF signaling.
To determine whether NGF-dependent gene expression events and resultant feedback loops underlie the acquisition of competitive advantage, we turned to a computational approach to model this process. Our model assigns one differential equation per neuron, representing the relative magnitude of trophic signaling, which we define as the amount of NGF-bound TrkA within the neuron. Another differential equation was assigned for the concentration of NGF available at the target, with the assumption that the rate of NGF production is constant. The outputs of these equations changed as a function of time (figs. S2 and S3). Computer simulations were used to relate these two equations to neuronal survival; a neuron was considered dead if it reached a trophic signaling state of 10% or less of the maximum value. The results of these simulations are represented in several forms, all with respect to time: (i) trophic signaling for each modeled neuron (Fig. 2 , A to C), (ii) average trophic signaling (Fig. 2D) , (iii) total neuron number (Fig. 2E) , and (iv) NGF concentration at the target (Fig. 2F) .
To assess the importance of NGF-dependent changes in both TrkA expression and signal duration during neuronal competition, we conducted a simulation in which these terms were fixed and independent of exposure to NGF. In this paradigm, all neurons rapidly reached a trophic steady state, and no competition occurred, which resulted in the survival of all neurons (Fig.  2, A and E) . If either TrkA expression or signal duration was fixed and the other was allowed to change in relation to NGF exposure, competition also failed to occur (Fig. 2, B and E, and fig. S4 ). Both signal strength and duration had to change after neuronal exposure to NGF in order for effective competition to occur (Fig. 2, C and E) . When competition occurred, some neurons obtained a high trophic signaling state and others reached a low trophic signaling state and ultimately died (Fig. 2E and fig. S4K ). In this system, survival outcomes were fairly independent of starting conditions (figs. S5 and S6). However, changes in NGF production, NGFdependent TrkA expression, and TrkA signal duration had large effects on the dynamics of neuron elimination (figs. S7 to S9). Taken together, these modeling data indicate that target innervation-dependent changes in TrkA expression and signal duration may be essential for neuronal competition.
Clues from a model for synapse competition at the neuromuscular junction (16) 
with low trophic signaling. The putative apoptotic cue should have several characteristics: (i) It should kill neurons with low trophic signaling, and (ii) it should emanate from neurons with strong trophic signaling. (iii) Neurons with strong trophic signaling should be impervious to the apoptotic cue, and (iv) apoptotic cue signaling should commence after expression of TrkA increased. BDNF and neurotrophin-4 (NT4) satisfy the criteria for the apoptotic cues: (i) BDNF and NT4 can promote apoptosis of sympathetic neurons through the receptor p75 (17, 18) (Fig.  3, C and D) , and (ii) their expression is regulated by NGF in sympathetic neurons (Fig. 3, A and B, and table S1). (iii) Strong NGF-TrkA signaling blocks p75-mediated killing of sympathetic neurons (19) (Fig. 3F) . (iv) Finally, p75 expression in sympathetic neurons commences in vivo 2 days after TrkA expression (20) , and this expression is , and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were measured by RT-PCR and TrkA and TH by Western blot (WB) after treatment of cultured rat sympathetic neurons with NGF (30 ng/ml) for indicated times. (C) TrkA, p-ERK, p-Akt, and TuJI measured by WB in P0.5 rat sympathetic neurons that were deprived of NGF for the indicated times followed by reexposure to NGF (30 ng/ml) for 20 or 60 min. (D) Sympathetic neuron cultures from E18 rats were grown in the presence of 30 ng/ml NGF for 1 day in vitro (DIV) or 4 DIVs. NGF-specific antibody (anti-NGF) was added, and NGF signaling events were assessed at the indicated times after NGF deprivation. Graph compares relative p-Akt levels for this experiment. Scale bar in (A), 50 mm. *P < 0.05 analysis of variance (ANOVA) followed by Tukey's post hoc test. ;Bax -/-animals at P0. Scale bar, 50 mm. (C to F) Neurotrophin promoted p75-dependent cell death of cultured sympathetic neurons. Indicated neurotrophins were applied for 36 hours, cell survival was determined by Hoechst staining, and results are means ± SEM (n = 4 experiments). (C) Survival of P0 to P2 rat sympathetic neurons maintained in medium containing NGF (1 ng/ml). Green dashed line represents maximum survival, and red dashed line indicates maximum death, both conditions were assessed after 36 hours with either 1 ng/ml of NGF or NGFspecific antibody (anti-NGF), respectively. (D) Survival of P0 to P2 p75 -/-or wild-type mouse sympathetic neurons treated with NGF (1 ng/ml)or NGF-specific antibody (aNGF). (E and F) P0 sympathetic neurons grown in compartmentalized chambers (represented by illustration left of graphs) for 5 to 7 days before medium was changed to contain NGF (5 ng/ml) on the distal axons. The indicated neurotrophins or NGF-specific antibody (aNGF) was applied to the cell bodies for 36 hours before assessing survival. Unless otherwise indicated, BDNF and NT-4 were applied at a concentration of 250 ng/ml *P < 0.01 ANOVA followed by Tukey's post hoc test. (table S1) . Thus, we propose that BDNF and NT4 are NGF-regulated apoptotic cues for developing sympathetic neurons and that innervation-dependent expression of p75 regulates a neuron's susceptibility to these signals.
We next sought to define other features of p75-mediated cell death. BDNF and NT4 caused dose-dependent killing of sympathetic neurons in the presence of concentrations of NGF insufficient to promote maximal activation of TrkA (Fig. 3C) . In p75 -/-neurons, these neurotrophins had no effect on survival (18) (Fig. 3D) . Next, the spatial properties of these apoptotic signals were characterized in a compartmentalized culture system (23) . If a low concentration of NGF was applied exclusively to distal axons and either BDNF or NT4 was applied to cell bodies, NGFdependent survival was reduced to a similar extent as that observed in mass cultures (Fig. 3, C and E). In contrast, if BDNF was applied exclusively to distal axons, cell death was not observed, which suggested that apoptotic signals must be produced and act at the cell body to affect cell survival (Fig. 3F) . It is noteworthy that induction of cell death by BDNF-p75 signaling on the cell body was suppressed when larger amounts of NGF were added to distal axons (Fig. 3F) .
To determine the potential benefits of NGFdependent expression of signals that promote death of neurons with low trophic signaling, we added several semiquantitative equations to the computational model presented in Fig. 2C to characterize the apoptotic signals and their receptors. As determined experimentally for BDNF and NT4, the variable representing the amount of apoptotic signal increases with neuronal exposure to NGF and has no effect on neurons with high retrograde NGF-TrkA signaling. Computer simulations revealed that the addition of this parameter hastened, by more than 10-fold, the killing of those neurons that did not gain competitive advantage through the sensitization process (Fig. 4, A and B) . The extent to which the apoptotic signals hastened neuronal death was dependent on how much NGF-TrkA signaling was required for protection and the rate of production of BDNF and NT4 in response to NGF (figs. S10 and S11).
We thus propose a model (Fig. 4G ) in which, before target innervation, sympathetic neurons are modestly responsive to NGF because of low TrkA levels. Upon target innervation, neurons acquire NGF, and subtle differences in initial amounts of NGF signaling are amplified through transcription-dependent feedback loops into large cell-autonomous differences in both strength and duration of TrkA signaling, which are the ultimate determinants for whether a neuron lives or dies. We further propose that expeditious competition requires target innervation-dependent expression of apoptotic cues (BDNF and NT-4), susceptibility to such signals (expression of p75), and protection from apoptotic signals (strong retrograde NGF-TrkA signaling) (Fig. 4G and  fig. S12 ). These features enable competition that is rapid, robust, and stable, even in a scenario in which all neurons arrive at their target simultaneously and are virtually equivalent in their initial responsiveness to target-derived NGF.
Several predictions arise from this model. One prediction is that competing neurons distinguish themselves from one another on the basis of their amount of TrkA expression; those with abundant TrkA live, whereas those with low amounts die. Consistent with this prediction, in Bax -/-mice at postnatal day 5 (P5), over half of the neurons had extremely low levels of TrkA and small soma areas, whereas the rest of these neurons had larger amounts of TrkA and cell body areas comparable to those of wild-type controls (Fig. 4 , D to F, and figs. S13 and S14). The model also predicts that atrophic neurons in superior cervical ganglia (SCG) from P5 Bax -/-mice should display persistent p75-mediated apoptotic signals given that these are neurons that would normally have died during developmental competition. Indeed, compared with neurons with high TrkA expression, atrophic neurons in Bax -/-ganglia have large amounts of p75 and p75-dependent signaling as measured by immunostaining of the phosphorylated c-Jun transcription factor (figs. S17 and S18).
Finally, the notion that the NGF-dependent apoptotic signal hastens but does not change the fundamental elements of competition was tested in mice lacking p75. A developmental time course comparing numbers of SCG neurons in wild-type and p75 -/-animals was performed at embryonic day 18 (E18), P0, P3, P21, and 6 months of age. As predicted by the modeling data (Fig. 4, A and  B) , SCGs from wild-type and p75 -/-animals had a similar number of neurons at E18, whereas P0 and P3 p75 -/-SCGs had~40% excess of neurons compared with wild-type animals. At 6 months of age, p75 -/-SCGs had the same number of neurons as control SCGs (Fig. 4C) [see also (18, 24) ].
These genetic and computational modeling data show that two neurotrophin receptors and potentially three neurotrophin ligands orchestrate developmental competition between SCG neurons through a series of feedback loops. Although the cast of players for other populations of competing neurons is almost certain to be different from those that coordinate competition in the SCG, we suggest that the underlying principles of target initiated sensitization, paracrine apoptotic signaling, and protection from apoptotic signals are common features of neuronal competition at large.
